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A homologous series of hair dyes was selected for 
percutaneous absorption studies with excised human 
skin . The permeability constants obtained for the dyes 
were compared with octanol/water and skin membrane/ 
water partition coefficients. The compounds examined 
were: p-phenylenediamine, o-phenylenediamine, 2-ni-
tro-p-phenylenediamine, 2-amino-4-nitrophenol, 4-
chloro-m-phenylenediamine, and 4-amino-2-nitro-
phenol. Skin absorption of the dyes was observed when 
they were applied in an aqueous solution. With one 
exception, the octanol/water partition coefficients were 
in the same rank order as the permeability constants. 
The determination of the partitioning of the hair dyes 
between water and either stratum corneum or epidermis 
was more complex. Preliminary stratum corneum/water 
partition studies resulted in values that were in the 
reverse order of skin permeation. When binding of the 
compounds to components of the membrane was satu-
rated, the partition values more closely duplicated the 
rank order of permeability of the dyes. Prediction of 
percutaneous absorption of substances based on their 
partition coefficients may be confounded if these com-
pounds are capable of binding to skin. 
The percutaneous absorption of a homologous series of hair 
dyes has been examined through excised human skin. Several 
of the compounds (2-nitro-p-phenylenediamine, 4-amino-2-ni-
trophenol) are currently contained in hair dye products and 
have been shown to be carcinogenic in National Cancer Insti-
tute (NCI) animal bioassay studies [1,2). Other dyes have been 
included in the study for the purpose of examining the relation-
ship between the percutaneous absorption of this series of 
compounds and certain physicochemical parameters. 
ft is we ll known that a compound's oil and water solubility 
properties influence its ability to permeate epithelial mem-
branes in general, and t he epidermal layer of the skin in 
particular. The oil/water ratio (or its logarithm) seems to be of 
most predictive value. Various lipid solvents have been used 
including ether, mineral oil, and olive oil. Octanol is the lipid 
favored by Hansch and coworkers because of the polar prop-
erties imparted by the hydroxyl group [3). They have compi led 
extensive lists of the log of the octanol/water partition coeffi-
cient which include many thousands of compounds [4,5). 
The partitioning of compounds between skin membrane and 
application vehicle (K,n) is a measure of the ability of a com-
pound to leave the vehicle and enter the stratum corneum or 
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t.n: tot.al absorption 
PDA: phenylenediamine 
pKa: acid dissociation constant 
whole epidermis. The membrane/water ratio (K",) might be 
similar to an oil/water ratio (Ko) if the oil is a good model for 
the lipid solvent properties of skin. Scheuplein [6] has measured 
the permeability constant (Kp ), olive oil/water partition coef-
ficient (Ko), and stratum corneum/water ratio (K,n) for each of 
a series of alkanols dissolved in water. The same rank order 
was obtained for the K I" K,,, and K", values. The relative ability 
of 10 substances to quickly enter the stratum corneum in vivo 
has recently been shown to be of value in predicting skin 
permeation (7). 
Partition coefficients for the hair dyes were determined by 
using octanol for the Ko studies and stratum corneum as the 
membrane for the K", measurements. In preliminary studies 
discrepancies were observed in the rank order of the compound~ 
determined by the K", studies [8). The possibility that hair dyes 
bind to stratum corneum and epidermis was subsequently in-
vestigated. The effect of varying hair dye concentration on the 
resultant partitioning between membrane and water was meas-
ured, and the occurrence of binding was determined by graph-
ical procedures [9). 
MATERIALS AND METHODS 
The following hair dyes (purity determined by manufacturer and 
stated in parentheses) were obtained from Aldrich Chemical Co. : p_ 
phenylenediamine (PDA) (97%), o-PDA (98%), 2·amino·4-nitrophenol 
(96 %) and 4-chloro-m-PDA (99%). C'Cj2-nitro-p-PDA (sp act 1.32 
mCi/mmol) was obtained from New England Nuclear at a radiochem-
ical purity of 97%. I "Cj4-amino-2-nitrophenol (10 mCi/mmol) was 
synthesized by ICN Inc. at a purity of 98%. ["C]o-PDA (4.75 mCi/ 
mmo!) was utilized for the binding studies and was purchased from 
Pathfinder Laborli:ories (purity 98%). 
The absorption of hair dyes through human epidermis was measured 
by using diffusion techniques previously described [10]. Human abdom. 
inal skin was obtained at autopsy and the epidermal layer was removed 
after immersion in 60· C water for 1 min. The membrane was either 
used immediately or stored for as long as 3- 4 weeks at 4· C without 
significant change in permeability properties. The integrity of skin was 
verified by t he measurement of the permeability of ["H]water. 
Circu lar pieces of skin were clamped between the 2 halves of the 
diffusion cell [10] . The top portion of the cell was open to the environ-
ment to permit application of test compound in the vehicle of choice. 
Skin temperature was maintained at 32·C in a constant-temperature 
water bath. The cell receptor (average volume = 2.5 ml) contained 
normal saline solution that was continually mixed with a magnetic 
stirring bar, Aqueous solutions of the hair dyes were applied to the skin 
in an amount (0.5 ml) t hat completely covered the 1.13 cm2 of exposed 
skin In each cell. A 0.05 M borate buffer, pH 9.7, was used to s imulate 
the alkalinity of a hair dye base. With dyes that ionize at this pH, 
experiments were repeated with a distilled water vehicle. 
Aliquots were removed from the receptor at regular intervals to 
determine the amount of the penetrant molecules. For radio labeled 
compounds, scintillation counting was performed in a Beckman LS 
9000 instrument (Beckman Instruments, Irvine, California) . The un. 
labeled hair dyes were quantitated on t he basis of their UV absorbance 
in a Cary Model D spectrophotometer (Varian Associates Inc., Palo 
Alto, California). Permeability constants were determined by dividing 
the steady-state absorption rate by t he initial vehicle concentration of 
the app lied compound. 
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Octanol/water partition coefficients were determined by shaking the 
test compound in a mixture containing 5 ml of water and 5 ml of 
octano\. At the end of 24 h, the ratio of the amount of compound in 
each solvent was determined. 
The partitioning of dye between membrane and water was deter· 
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mined by measuring the disappearance of radioisotope from the 
aq ueous solution of the incubat.ion mixture. Cont.rol vials (no mem-
brane) were utilized to correct for possible binding of compound to t.he 
glass. Stratum corneum was prepared from epidermis by incubation 
ove rnight at 37"C on 0.0001 % t rypsin -soaked fi lter paper. In a typical 
experiment, 200 1'1 of a distilled water solution of the compound was 
added to 5 vials each conta ining approx imately 4- 5 mg of desiccated 
stratum corneum or epidermis, and the mixture was allowed to equili -
brate for 48 h at room temperature (25"C). A specific density of 1.32 
[11] was used to convert the membrane weight to volume for the K", 
ca lculat ions.. . . 
In subsequent studies, the Km determInatIOns were performed at 
different concentrations of dye so that binding to membrane could be 
dete rmin ed by a modification of the procedure of Artuc et al [9] . T he 
molar concentrat ion of compound in the water (free) and membrane 
(bou nd) was calculated from the radioactivity determined to be in each 
medium. The ratio of bound/ free is identical to the K", value since both 
va lues are a ratio of the membrane concentration of a substance divided 
by the solvent conce ntration. A determination as to whether the 
material in t. he stratum corneum or epidermis at equilibrIum was bound, 
or simply had partitioned into a more favorable solvent system, was 
made graphically wit.h a Scatchard plot [9] . Simple part itioning without 
interaction with skin protein would result in a vertical line in the 
Scatchard plot, the resul t of no change in the membrane/solution ratio 
wit h increasing concentration of compound. When binding is indicated, 
the dissociation const.ant is equal to the negat.ive slope of a straight 
line (see Figs 1, 2). 
RESULTS 
The percutaneous absorption of the hair dyes was initially 
determined by us ing an alkaline vehicle to simulate the pH of 
a hair dye base. The permeability constants of the phenolic 
dyes were surpris ingly low, particularly in light of the corre-
sponding octanoI/water partition coeffic ients (Table I). From 
the value for t he pKa for each dye (Table I) , it was clear that 
2_amino-4-ni t rophenol and 4-amino-2-ni t rophenol were ion-
ized at t he 9.7 pH of the vehicle. The permeation of t hese 
compounds was then measured with a distilled water vehicle 
(pH 5.9) and t he higher Kp values in parentheses were obtained. 
With one exception (2-am ino-4-n it rophenol), t he Ko values 
(Table I) were then in the same rank order as t he permeability 
constants. Their magn itude (0.5- 13.5) was consistent with the 
moderate rate of skin permeation observed wi t h the hair dyes. 
The K m values with stratum corneum obtained in preliminary 
studies were not in t he same rank order as the Kp and Ko 
measurements [8]. Values for a-PDA, 2-nitro-p-PDA, and 4-
amino-2-nitrophenol were 9.9, 7.5, and 6.6, respectively. An 
interaction of t he molecules with t he skin membra ne was 
sought as an explanat ion for t hese observations. Km values were 
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FIG 1. Scatchard plot for the determination of hai r dye binding t.o 
human stratum corneum .... = o-PDA; • = 2- nitro-p-PDA; • = 4-
amino-2-nitrophenol. Data were obtained for each compound as illus-
t rated for o-PDA in Table II. 
PERCUTANEOUS ABSORPTION OF HAIR DYES 125 
160 
140 
120 
'" 0 
I 100 
Q 
2 80 
:::> 
0 
III 60 
40 
20 
0 0 50 100 150 200 250 
BOUND/FREE 
FIG 2. Scatchard plot for the determination of hair dye binding to 
h~man epidermiS .... = o-PDA; • = 2-nitro-p-PDA; • = 4-amino-2-
I1I trophenol. The dissociation constant for o-PDA was calculated from 
the slope of the line determined by 4 points: bound/ free = 47 104 136 157. ' , , 
d.etermined with stratum corneum at a range of dye concentra-
tIons to observe whet her t he partition coefficient values were 
affected .. A concentration dependence on Km was observed for 
the 3 hair dyes (example for a-PDA, Table II). The free con-
centration at equilibrium was slightly lower t han the initial 
concentration for a-PDA and t he other dyes. When t he data 
were graphed in t he form of a Scatchard plot (Fig 1) , a linear 
plot was not observed. The curved lines indicated binding at 
more t~an ?ne type of receptor on the membrane [12], and the 
determmatlOn of the dissociation constan t becomes more com-
plex [13]. When t he concentration was high (greatest amount 
boun?), t he .sl~pe .of the line for all 3 compounds approached 
mfimty. ThiS mdicated li ttle or no effect of binding on the 
partit ioning of t he compound between membrane and water. 
The K", obtained with the highest concentration of each com-
pound is reported in Table 1. 
When t he whole ep idermis was used as t he membrane in the 
binding studies, greater binding was obtained with a ll 3 com-
pounds (Fig 2). The most shallow slope and only linear p lot 
was obtained with a-PDA. The dissociation constant wit h epi-
dermis was 7.9 x lO-s M. 
DISCUSSION 
Absorption of t he hair dyes through excised human skin was 
observed when t hey were applied in an aqueous vehicle. Per-
meation was reduced under conditions t hat resulted in ioniza-
tion of a compound. As a rule, in t his series of compounds 
changes in structure t hat increased Iipophilicity a lso increased 
percutaneous absorption . 
The percutaneous absorption of hair dyes has been measured 
in other studies. The in vivo absorption of 2-nitro-p-PDA was 
previously determined in t he pig and monkey [14] . After appli -
cation in an acetone vehicle, 17.7 and 29.9% of the applied 
dose, respectively, were absorbed. However, when p-PDA and 
several other dyes were tested under use conditions [15], much 
smaller absorptIOn on a percentage basis was reported . When 
p-PDA was app lied ina hair dye formulation for 0.5 h at a fi nal 
concen t ration of 1.35%,2.1 mg of dye (0.14% of applied dose) 
penetrated t he scalp. From our in vitro experiments, the 
amount of p-PDA penetrating excised human skin under sim-
ilar circumstances can be estimated. As previously described 
[10], total abso rption (L\n) can be calcul ated when the perme-
ability constant is known from the equation: L\n = K"L\CAL\t, 
where L\C is t he concent ration of compound in t he formulation, 
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TABLE I. Percutaneous absorption of hair dyes 
Octanol/water Stratum corneum/ Permeabi lity 
water Compound Structure pKa partition partition constant: coefficient 
coefficient em h-
I 
p-Phenylenediamineb Q 6.3d 0.5 2.4 X 10- ' 
NH2 
a-Phenylenediamine NH2 4.8" 1.4 6.9 4.5 x 10- ' ( t ' 
2-Nitro-p-phenylenediamineo., NH2 ¢t ' 3.9< 3.4 13.0 5.0 x 10- ' 
NH2 
2-Amino-4-nitrophenol OH 7.1' 13.5 <3.0 X 10- · ¢iNH' (6.6 x 10- ') 
N02 
4-Chloro-m-phenylenediamine' NH2 
¢iNH' 
4.1" 7.0 2.1 X 10- 3 
CI 
4-Amino-2-nitrophenol··' HO 7.8' 9.1 13.0 8.6 x 10- 6 ¢iNO, (2.8 x 10- 3 ) 
NH2 
• Values were obtained with a borate buffer pH 9.7 as t he vehicle, except the numbers in parentheses, which were obtained in water to prevent 
ionization . Results are the mean of 3-7 determinations. 
b Ingredient in products listed in FDA voluntary cosmetic registration files, March 1983. 
' Carcinogenic in NCr bioassay (2-amino-4-nitrophenol study not complete) . 
d Reference 19 . 
• Approximated using Hammett's sigma rho values. 
f Reference 20. 
g Reference 21. 
TABLE II. Dependence of Km on concentration of a-phenylenediamine" 
Initial Equi librium 
concentration concentration K", 
Bound Free (bound/free) (DPM/ IO Il\) (M X 10' ) (M X 10' ) (M X 10') 
80462 77.2 46.9 68.4 6.86 
36685 35.2 27.5 29.5 9.32 
11393 10.9 14.6 8.01 18.2 
3723 3.57 6.30 2.33 27.0 
1372 1.32 2.69 0.79 34.2 
474 0.45 1.09 0.24 45.0 
• Km values and molar concentrations determined as descr ibed in the 
text . Stratum corneum was the membrane. 
A is t he area (cm~) of application, and tlt is the length of time 
(h) of contact with the skin. Assuming an area of 300 cm~ for 
scalp [10], the estimate of p-PDA under similar use conditions 
is 0.5 mg. The 4-fold lower value obta ined in vitro may be due 
to several variables. In the in vivo study, the dye was applied 
to the sca lp, but in the diffusion cell study, abdominal skin was 
utili zed. Maibach et al [16) have found that the skin of the 
scalp is almost twice as permeable to parathion as abdominal 
skin. Also, different vehicles were used in applying the dye. 
Considering these important variations, reasonable agreement 
was obtained between t he in vivo and in vitro studies. 
Within a homologous series of compounds, it sometimes 
seems possible to obtain a good correlat ion between oil/water 
partition values and permeability. In our study, octanol/water 
values were found to progressively increase (with the exception 
of 2-amino-4-nitrophenol) as the skin permeability of the com -
pound increased. Scheuplein found t hat C 1 to C8 alkanols could 
be ranked according to excised human skin permeability by 
their olive oil/water partitioning constants [6). The rank order 
of permeability of a series of 14 steroids (with one exception) 
was duplicated by amyl caproate/water partitioning (17) . 
Mineral oil/water partition coefficients for a series of 10 
compounds were found to correlate with their corresponding 
flux values through excised human skin [18]. The one very 
lipophi lic compound in the comparison (fentanyl; Ko = 200) 
was the most distant from the correlation line. Compounds 
t hat fit well in the comparison ranged from ouabain (Ko = 
0.00026) to estradiol (K" = 12). 
In the alkanol study [6], K", values were determined to 
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compare with Kp and Ko measurements. When the K" values 
were multiplied by 101 , the agreement of K", with K" was 
striking for these compounds. The differences in percutaneous 
absorption in this series of compounds could be almost com-
pletely explained by the compound:s ability to partition from 
the vehicle mto the skm. For sterOIds [17], K", and K" values 
do not compare nearly as well. Other factors, such as binding 
to the components of the skin, have become important deter-
minants in the permeation process. The content of chemicals 
in the stratum corneum 30 min after application has recently 
been shown to a llow ranking of the compounds in the same 
order as from in vivo permeability studies in the hairless rat 
[7 ]. The substances covered a .wide range of chel~ical structure 
and physicochemIcal propertIes. The observed stratum cor-
neum reservoir effect" was attributed to partitioning from the 
veh icle, binding to the stratum corneum, vehicle effects, or a 
combination of these actions. 
Our preliminary K", determinations with hair dyes did not 
correlate with the permeabili ty of these molecules. However, 
what appeared to be a favorable partitioning into the stratum 
corneum for a-PDA was actually binding to the skin, which 
does not favor permeation through it. When the binding sites 
were saturated at higher a-PDA concentrations, the low relative 
solubility of the compound in the stratum corneum and epider-
mis became apparent. 
The relationship of partition coefficients to permeability 
measurements is somewhat tenuous, and depends on the com-
pounds in question. Since. other fa~t?rs such a~ binding to 
proteins in skin playa role m determllllllg absorptIOn rate, od/ 
water partition coefficients, by themselves, give limited predic-
tive information. Their value is most readily seen in the ranking 
of the absorption of a homologous series of compounds where, 
by definition, no major changes in chemical structure are 
encountered. 
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